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ABSTRACT
Growth experiments demonstrated that Pseudomonas
fluorescens was most sensitive to 2,4-D when grown on a
fumarate-salts medium.

Respirometry experiments with whole

cells also showed that utilization of fumarate was strongly
inhibited by 2,4-D.

In the presence of 2,4-D, cells grow

ing on glucose excreted fumaric acid into the medium which
indicated the enzyme, fumarase, was inhibited by 2,4-D.
Endogenous metabolism of resting cell suspensions of
P. fluorescens was sensitive to 2,4-D except with cells
grown on acetate.

Endogenous respiration of acetate-grown

cells was resistant to 2,4-D.

Resting cells of acetate-

grown P.. fluorescens oxidized substrates in the presence of
2.4-D at rates comparable to the control.

In addition,

acetate-grown cells formed inducible enzymes in the presence
of 2,4-D, but adaptive enzyme formation was inhibited by
2.4-D in cells grown on other substrates.
Resting cells of acetate-grown P.. fluorescens were not
killed by 2,4-D, but over 99.9 percent fumarate-grown or
citrate-grown resting cells were killed in one hour by 7.0 x
10~3 M 2,4-D.

viii

Acetate-grown cells did not take up 2,4-D, whereas
fumarate-grown cells took up significant quantities.

These

results explained the different sensitivities of acetategrown and fumarate-grown cells in viability studies, enzyme
adaptation, endogenous metabolism and oxidative abilities.
Fumarase in crude cellular extracts was inhibited 80
-3
percent by 6.5 x 10
M 2,4-D. Fumarase purified by ammonium
sulfate fractionation was also inhibited by 2,4-D.

However,

dialyzed fumarase preparations were not inhibited by 2,4-D.
"Kochsaft" added to dialyzed fumarase preparations restored
susceptibility of the enzyme to inhibition by 2,4-D.
"Kochsaft" was ineffective.
manner as "Kochsaft."
inhibited fumarase.
by 2,4-D.

Ashed

-4
AMP (10
M) acted in the same

At higher concentrations AMP alone
The inhibition by AMP was potentiated

Inhibition by AMP and 2,4-D or by AMP was non

competitive.
Although the mechanism of inhibition of fumarase by
2,4-D in the presence of AMP is not fully understood, AMP
may be an allosteric effector which is potentiated by 2,4-D.

ix

INTRODUCTION
Since the formulation of the herbicide, 2,4-dichlorophenoxyacetic acid (2,4-D), in 1945 its use has become
widespread.

Over 100 million pounds of 2,4-D is produced in

the United States per year (Overbeek, 1966).

With the

increasing use of chemical agents in agriculture, scientists
have become concerned with the effect of such chemicals on
the soil microflora.

A number of reports have been published

on the effects of this herbicide on microorganisms, in pure
and mixed cultures, in synthetic media, and in simulated soil
environments.

Although the responses of different organisms

to 2,4-D have been found to vary, the general conclusion has
been that, soil microorganisms are not affected by the con
centrations employed for field application.
A mechanism of action of 2,4-D or plant auxins on the
molecular level in plant or microbial cells has not been
established, although some theories have been proposed (Swets
and Wedding, 1964).

Heath and Clark (1956) and Johnson and

Colmer (1958) suggested that plant auxins interfered with
metal ion availability.

Brody (1955) found 2,4-D inhibited

oxidative phosphorylation and stimulated the respiration of
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rat liver mitochondria.

Another theory supported most

recently by Swets and Wedding (1964) involves interaction
between auxin and coenzyme A.

Sarkissian and McDaniel (1966)

suggested that the plant hormone was an allosteric effector
which enhanced mitochondrial enzyme activity.
The present study was initiated to determine the effect
of 2,4-D on bacterial enzymes.

If an enzyme were found which

was particularly sensitive to 2,4-D, an elucidation of
reasons for the sensitivity could be of value in establish
ing the mode of action of 2,4-D at the molecular level and
could provide an insight into the mechanism of action of
2,4-D in other systems.

REVIEW OF LITERATURE
The effect of herbicides on microorganisms has been
studied by several investigators.

The effect of the herbi

cide, 2,4-dichlorophenoxyacetic acid (2,4-D), on bacterial
growth and metabolism has been the subject of many studies
and only the effects of this herbicide on bacteria will be
reviewed in detail.
Stevenson and Mitchell (1945) first studied the response
of microorganisms to 2,4-D.

The salient features resulting

fzom the research were that the addition of 2,4-D to a con
centration of 0.02 percent in potato-dextrose agar had a
retarding effect on the growth of Bacillus subtills,
Aerobacter cloacae, and Staphvlococcus aureus, with no
apparent effect on Penicillium. Increasing the concentration
of 2,4-D to 0.08 percent prevented the growth of B^. subtllls
and s.. aureus.

The growth of Penicillium was not visibly

affected by the higher concentration of 2,4-D and A. cloacae
responded as with 0.02 percent 2,4-D.

Lewis and Hamner

(1946) carried out sensitivity tests of several bacteria by
dipping filter paper discs into 2,4-D solutions and placing
them on seeded, nutrient agar plates.
zone of inhibition was measured.
3

After incubation the

They observed a complete

lack of inhibition with 0.001 percent 2,4-D.

In addition to

the bacteria employed by Stevenson and Mitchell (1945),
Escherichia coli, Bacillus brevis, and Rhizobium leguminosarum were included.

A test of five different lots of 2,4-D

yielded comparable results.

They concluded that impurities

present in the different lots were apparently negligible in
their influence upon the microorganisms tested.
Dubos (1946) reported that 0.003 percent 2,4-D reduced
the growth of Mycobacterium tuberculosis by 50 percent and
0.01 percent 2,4-D produced a similar inhibition of the
growth of Streptococcus hemolyticus and Shigella paradvsenteriae. He found that the bacteriostatic activity of 2,4-D
was enhanced at acidic pH values as shown by the increased
susceptibility of s.. hemolyticus and sL. paradvsenteriae to
2,4-D in acidic media.

However, the growth of tubercle

bacilli in the presence of 2,4-D was quite independent of the
hydrogen ion concentration of the medium.

Dubos (1946)

reported further if concentrations of auxin were insufficient
to produce complete growth inhibition, cellular multiplica
tion proceeded at a normal rate although the final density
of the culture was inversely related to the concentration of
the herbicide.

The concentration of 2,4-D which inhibited
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growth was not markedly changed by the size of the inoculum.
The inhibitory concentration increased 2 to 4 fold as the
inoculum was increased from 100 to 1000 fold.
Smith, Dawson, and Wenzel (1945) studied the effect of
2,4-D on soil microorganisms.

In their study the herbicide

was added to neutralized soil samples and plate counts were
made to determine viable counts, actinomyces, nitriteformers and nitrate-formers during a time period of ninety
days.

Concentrations of 1 to 500 ppm of 2,4-D did not

significantly alter either the viable counts or the actino
myces.

The nitrite and nitrate-forming organisms were

reduced in number initially by 100 ppm of 2,4-D but normal
counts were reattained in 10 to 40 days.

Nitrite-forming

bacteria were more sensitive to 2,4-D than were the nitrateforming bacteria.

This was shown by experiments in vftiich

500 ppm of 2,4-D wasemployed.

The number of nitrite-

forming bacteria did not show any recovery during a ninety
day period while thenitrate-oxidizing bacteria were able to
survive and show some recovery.
The effect of 2,4-D on growth of soil microorganisms on
nitrification, and carbon dioxide evolution in soil was con
ducted by Newman (1947).

He showed that the inhibitory

effects produced by 2,4-D was enhanced at acidic pH values.
At a concentration of 2.5 mg of 2,4-D per 100 g of soil
nitrification of ammonium sulfate was reduced but carbon
dioxide evolution was not affected.
Worth and McCabe (1948) studied the effect of 2,4-D
on the growth of aerobic, anaerobic and facultative anaero
bic microorganisms on solid media.

Growth of the aerobic

bacteria was prevented by 0.0002 percent 2,4-D.

The growth

of facultative anaerobic organisms was not inhibited at
concentrations of 2.0 percent 2,4-D.

Similarly the growth

of anaerobic bacteria was not affected by 2.0 percent 2,4-D.
They concluded that organisms which require oxygen for
respiration were "smothered" by 2,4-D and that anaerobic
organisms were not sensitive to 2,4-D.
Because of the role of Azotobacter in the nitrogen
economy of soil, Colmer (1953) studied the effect of 2,4-D
on these bacteria.

He found 1000 ppm of 2,4-D was necessary

to inhibit the growth of Azotobacter agile. Only 100 ppm
of 2,4-D was required to partially inhibit Azotobacter
chroococcum. Growth of A., agile was inhibited by 5,000 ppm
2,4-D on first exposure but the organisms grew readily in a
concentration of 5,000 ppm of 2,4-D following three sub
cultures at this concentration.
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Johnson and Colmer (1954) employed Bacillus cereus in
their investigation of the effect of 2,4-D on the decomposi
tion of gelatin and amino acids, and on spore germination.
Five hundred ppm of 2,4-D in nutrient broth or nutrient
gelatin prevented the growth of an inoculum of vegetative
cells.

The germination of B. cereus spores was prevented by

300 ppm 2,4-D.

However, after exposure to 500,000 ppm of

2,4-D some spores germinated when inoculated into a 2,4-D
free medium.

Concentrations of 300 to 475 ppm of 2,4-D

caused an initial lag in the decomposition of gelatin to
amino acids or to ammonia and 500 ppm inhibited these changes
entirely.

Production of ammonia from amino acids was pre

vented by 900 ppm of the herbicide.

When Pseudomonas

fluorescens was used as the test organism (Johnson and
Colmer, 1955b) 5,000 ppm of 2,4-D was necessary to prevent
growth on amino acids.

Colmer and Johnson (1955b) also

studied the effect of 2,4-D on decomposition of gelatin and
amino acids, by microorganisms in a soil suspension.

In

this system gelatin was rapidly decomposed in the absence
of 2,4-D.

At a level of 5000 ppm of 2,4-D the gelatin was

not hydrolyzed appreciably during the first nine days of
incubation.

However, between 9 and 18 days of incubation
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the organisms had hydrolyzed the gelatin to the same extent
as in the controls.

The organisms in the presence of 10,000

ppm of 2,4-D partially hydrolyzed the gelatin on continued
incubation, but 20,000 ppm of 2,4-D completely inhibited the
hydrolyses of gelatin.
Magee (1954) noted a greater sensitivity to 2,4-D of
growth of Azotobacter on a nitrogen-free medium as compared
to growth on a medium containing fixed nitrogen.

He also

reported that oxygen utilization by resting cells of
Azotobacter vinelandii washed with phosphate buffer was
inhibited more strongly by 2,4-D than oxygen utilization by
cells washed with a mineral salts solution.
Johnson, Magee, and Colmer (1956) employed manometric
procedures in their studies on the effect of 2,4-D on
Azotobacter cells respiring in nitrogen-free and nitrogencontaining media.

In the absence of 2,4-D no difference in

the rates of respiration of A. vinelandii in the two media
was observed.

In the presence of 2,4-D the oxygen uptake of

cells was inhibited more strongly by 2,4-D in a nitrogen-free
medium than in a medium containing nitrogen.
Johnson et al. (1956) confirmed the report of Magee
(1954) that the inhibitory effects of 2,4-D on oxygen

9
utilization by Azotobacter was potentiated by phosphate.
They found that 0.003 M phosphate enhanced the inhibition by
2.4-D in nitrogen-free and nitrogen-containing media.

Again

the cells were affected more in the nitrogen-free medium.
Sensitivity of cells to 2 (4-D respiring in both media
increased with increase of the phosphate content.

The effect

was more pronounced when the phosphate and the 2,4-D were
added together as opposed to additions made separately.
Magee and Colmer (1956) performed experiments with
Azotobacter to determine the susceptibility of cells of
different ages to the inhibitory action of 2,4-D.

Little

difference in the inhibition of oxygen uptake by young and
old cells of A. agile was noted when 2,000-5,000 ppm of
2.4-D were used, but at a concentration of 10,000 ppm young
cells were more resistant to the herbicide.

At 15,000 ppm

of 2,4-D the chemical stopped respiration of cells irrespec
tive of the age of the cells.

They also reported that

respiration of growing cells was affected less by 2,4-D
than resting cells.

Resting cells of A. agile were not

affected by 3,000 ppm of 2,4-D.

Oxygen uptake by washed

A. agile cells resuspended in a complete medium was not
affected by 2,4-D but cells of A. agile exposed to 2,4-D in
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the absence of substrate failed to utilize oxygen.

No

oxygen uptake occurred with these cells when medium was added
later.

Little reduction in oxygen uptake was observed on

simultaneous addition of 2,4-D and substrate.

Similar

results were obtained with A. vinelandii and A. chroococcum.
Colmer and coworkers concluded from their studies on
the effect of 2,4-D on the soil microflora that the level of
the herbicide used in weed control would have little effect
on the soil microflora.
The studies reviewed above had not suggested a mechanism
of action of 2,4-D on bacteria.

Employing manometric methods

Johnson and Colmer (1956) found that 1.85 x 10

_2

M 2,4-D

strongly inhibited oxidation of mannitol by A. vinelandii.
The addition of magnesium ions prior to addition of 2,4-D
to the reaction mixture protected the cells from the inhibi
tory action of 2,4-D.

They extended the study to the

oxidative dissimilation of glucose by Rhizobium meliloti and
again found that magnesium ions prevented the inhibition of
oxygen uptake by 2,4-D.
The relationship of phosphate to the toxicity of 2,4-D
reviewed earlier was re-examined in relation to the magnesium
effect (Johnson and Colmer, 1957).

They found the enhanced
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toxicity of 2,4-D by phosphate was related to the concentra
tion of magnesium ions.
proposed:
cations.

Two mechanisms of 2,4-D action were

First, it was suggested 2,4-D chelated divalent
Chelation of magnesium ions by 2,4-D could deplete

cells of magnesium ions with impairment of oxidation,
phosphorylation, and other metabolic reactions.

A second

suggested mechanism was that magnesium ions prevented 2,4-D
from acting by some unknown mechanism.

In later studies

Johnson and Colmer (1957c) reported that 2,4-D and Mg++ or
Ca++ at equimolar concentrations did not inhibit the respira
tion of A. vinelandii and that molar ratios of 2 or greater
were required to inhibit respiration.
Heath and Clark (1957) also proposed a mechanism for the
mode of action of auxin which involved interference with
metal ion metabolism.

This conclusion was based on experi

ments involving the growth stimulation of wheat coleoptile
sections.
Since chlortetracycline and oxytetracycline inhibit
glycolysis, respiration, and multiplication of E,. coli and
low concentrations of magnesium reversed these effects,
Johnson and Colmer (1957b) conducted a study to compare the
action of these antibiotics with 2,4-D on A. vinelandii. The

12
antibiotics and 2,4-D were shown to exert a similar inhibitory
effect on the respiration of A. vinelandii, and in all cases
the inhibition was prevented by magnesium ions.
To determine if there was a correlation between the
magnesium content of the external environment and 2,4-D
inhibition, Johnson and Colmer (1957d, 1958) investigated
the activity of compounds structurally related to 2,4-D.
Phenoxyacetic acid, phenylpropionic acid, ortho- and parachlorophenoxyacetic acids were found to be less potent
inhibitors of oxygen uptake than 2,4-D in A. vinelandii.
Magnesium ions prevented the toxicity of these chemicals.
In studies employing Aerobacter aeroqenes, Dean and Law
(1964) found 2,4-D had little effect on growth of the organism
at concentrations lower than 0.1 percent.

As the concentra

tion of the agent was increased the growth rate was decreased.
On subculturing in a medium containing 0.5 percent 2,4-D
the lag phase was at first greatly extended. During 25
transfers in the presence of 0.5 percent 2,4-D the lag phase
became shorter.

On subsequent transfers the lag phase did

not decrease further although the growth rate decreased.
During the first subculture in the presence of 0.5 percent
2,4-D the RNA/cell mass was low, but the DNA/cell mass and

the protein/cell mass were never lower than normal cells.
The polysaccharide/cell mass in the presence of 2,4-D passed
through a maximum and then fell to 85 percent of normal.

The

cell size was not affected during growth in the presence of
2,4-D.

In contrast to the results which Johnson and Colmer

(1958) obtained with Azotobacter, Dean and Law (1964) found
that the concentration of magnesium ions had little effect
on the action of 2,4-D against A. aerogenes. The latter
authors also reported that prolonged exposure of A. aerogenes
to 2,4-D in liquid medium was without effect on its charac
teristic biochemical reactions.
Brody (195 2, 1955) who used rat liver mitochondria,
showed 2,4-D uncoupled oxidative phosphorylation and stimu
lated respiration in a phosphate deficient medium.

At

concentrations of 0.001 M 2,4-D there was little effect on
respiration, yet the P:0 ratio fell to 20 percent of the
control level.

Key, Hanson, and Bils (1960) demonstrated

that auxin induced growth of mitochondria in soybean seed
lings as indicated by changes in composition, by increased
size and by increased phosphorylation.
Key and Hanson (1961) reported significant increases in
RNA content of soybean seedlings treated with 2,4-D.

The

protein/RNA ratio decreased markedly up to 48 hours after
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2.4-D treatment, after which time there was a relative
decrease in RNA with a concomitant increase in the protein/
RNA ratio.

Treatment of the seedlings with 2,4-D also

increased the quantity of acid-soluble nucleotides.

Sell,

Luecke, Taylor and Hamner (1949) reported that the main
effect of 2,4-D on the metabolism of red kidney bean plants
was an accumulation of proteins in the stem tissue.

Rebstock,

Hamner, and Sell (1954) demonstrated a doubling of the amount
of nucleic acids and an increase in protein content in stems
of cranberry plants treated with 2,4-D.

This research con

firmed the results of Sell et al. (1949).
Williams (1959) found that 0.004 M 2,4-D had no effect
on aspartase of Bacterium cadavaris. However, uptake of
aspartate by resting cells was found to be inhibited,

she

found that 2,4-D inhibition of aspartate uptake was reversed
by glucose.

Johnson and Colmer (1955) reported that activity

of gelatinase from B. cereus was not inhibited by 800 ppm
2.4-D.
Wort and Cowie (1953) demonstrated that wheat plants
sprayed with solutions of 2,4-D at concentrations of 5 or 500
ppm resulted in increased activity of phosphorylase, betaamylase, catalase, and peroxidase in the aerial portions of

the plant.

The activity of phosphatase was decreased by the

treatment.

The variations from enzyme levels of control

plants were greatest two days after treatment.
Wedemeyer (1966) investigated factors influencing the
uptake of 2,4-D by P. fluorescens under conditions in which
no net metabolism occurred in an effort to determine the
significance of "non-metabolic" uptake as a potential means
for reducing pesticide levels and the mechanism involved.
Uptake of 2,4-D by the bacterium was enhanced at pH values
less than 6.

Active transport, carrier-mediated diffusion,

passive diffusion, and adsorption were
sible mechanisms.

considered as pos

Although uptake of 2,4-D was inhibited by

glucose, sodium azide, and fluorodinitrobenzene, the
herbicide was not accumulated against a concentration
gradient nor was isotope counterflow found to occur.

Tljey

concluded that uptake of 2,4-D probably occurred by a twostep process:

sorption onto the cell wall followed by

passive diffusion into the cytoplasm.
Swets and Wedding (1963) studied the influence of
various inhibitors, substrates and environmental factors on
the uptake of 2,4-D by Chlorella. They postulated that
2,4-D, after entering the cell by diffusion, forms complexes

in which acetyl co-enzyme A (CoA) and aspartate participate
sequentially.

The end product of this reaction, presumably

aspartyl-2,4-D, is non-diffusable and is retained in the cell.
They suggested that the reaction between CoA and 2,4-D
occurs in normal, healthy cells, but the reaction is limited
because of low concentrations of acetyl CoA.

When the con

centration of acetyl CoA is increased by glycolysis and
pyruvate formation, or the rate at which acetyl CoA is uti
lized in the tricarboxylic (TCA) cycle, the amount of 2,4-D
in the cell increases.

Anaerobiosis, aerobic fermentation

caused by dinitrophenol, low temperature, reduction of the
activity of the TCA cycle enzymes by inhibitors such as
malonate, fluoracetate, or azide all produced an increase in
the amount of 2,4-D retained in the cell.

MATERIALS AND METHODS
Organisms.
Pseudomonas denltrlfleans, ATCC 13867, Pseudomonas
stutzeri, ATCC 11607, and Corynebacterium nephrldil, ATCC
11425 (Achromobacter nephrldli. Hart et al. 1964), and
Escherichia coll, ATCC 8739, were obtained from the American
Type Culture Collection.

Pseudomonas fluorescens A 312 was

obtained from R. E. Kallio, University of Iowa, who obtained
it from R. Y. Stanier, University of California.

All other

organisms used in this study were procured from the depart
mental stock collection.
Maintenance of the organisms.
Aerobic, denitrifying, and facultative anaerobic
organisms were maintained on nutrient agar slants.

Anaero

bic organisms were subcultured in a broth medium composed of
1.0 percent peptone, 1.0 percent glucose, and 0.01 percent
sodium thioglycollate.

Cultures were inoculated and allowed

to incubate at 30 C until maturity, then stored at 4 C.
Transfers were made at intervals of approximately two
months.
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Media.
Unless indicated otherwise, the medium employed in
growth experiments was composed of 1.0 percent glucose, 1.0
percent Bacto peptone, pH 7.0.

Glucose was sterilized

separately in a 50 percent solution and the desired quantity
added aseptically to the other components of the medium
prior to inoculation.

Sodium thioglycollate (0.01 percent)

was added to the basal medium for experiments employing
anaerobic bacteria.

Sodium nitrate (0.5 percent) or sodium

nitrite (0.2 percent) was incorporated into the medium for
the growth of denitrifying bacteria in the absence of air.
The mineral salts medium employed in studies with
fluorescens was that of Stanier (1947) . Carbon sources
were added as indicated.

This medium was supplemented with

0.1 percent yeast extract when a large quantity of cells was
needed for preparation of cellular extracts.
Plate counts were performed with medium containing 1.0
percent glucose, 1.0 percent peptone, and 2.0 per.cent agar
using the spread plate technique.
2,4-Dichlorophenoxyacetic acid was incorporated into
the growth medium by the addition of a concentrated solution
of the sodium salt.
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Sterilization was accomplished in the autoclave at 121
C for 15 minutes.
Inocula.
For all growth experiments the inoculum was 0.002 ml of
a standardized suspension of young cells {86 percent trans
mission at 600 millimicrons in a Bausch and Lomib Spectronic
20 spectrophotometer) for each ml of medium.

For large crops

of cells, a 5 percent inoculum of a 12-18 hr culture in the
same medium was used.
Aerobic growth.
For aerobic growth experiments, 250 ml Erlenmeyer flasks
containing 50 ml of medium were incubated at 30 C on a New
Brunswick rotary shaker.

When a large quantity of aerobic

cells was required, growth conditions were the same except 2
liter Erlenmeyer flasks containing 1 liter of medium were
used.
Anaerobic growth.
Anaerobic conditions for growth experiments were obtained
by employing 13 x 100 ml screw cap tubes completely filled
with medium.

20
Reagents.
All inorganic compounds employed in this study were
analytical reagent grade.

The herbicide, 2,4-dichlorophen-

oxyacetic acid (99 percent), was obtained from Dow Chemical
Co., Midland, Michigan.

All nucleic acid derivatives used

in this study were obtained from Nutritional Biochemical
Corp., Cleveland, Ohio.

Cleland's reagent, and indole-3-

acetic acid were obtained from Calbiochem, Los Angeles,
California. Streptomycin-sulfate was a product of Eli Lilly
Co., Indianapolis, Indiana.
The adsorbents employed in thin layer chromatography
were obtained from Brinkman Instruments Inc., Great Neck,
New York.

Silica gel employed in column chromatography was

prepared as described by Varner (1957).
Assays.
The spectrophotometric assay described by Racker (1950)
was used to assay for fumarase.

The assay mixture consisted

of fumarate (0.017 M), phosphate buffer, pH 7.0 (0.033 M),
enzyme and distilled water to 3.0 ml in a 1 cm cuvette.
enzyme reaction was initiated by addition of fumarase.

The
The

compounds, 2,4-D and AMP were added to the mixture at the
concentrations indicated.

The activity of fumarase was

measured by determining the decrease in OD at 244 milli
microns in the Beckman DB Spectrophotometer.

Specific

activity is defined as the change in OD produced/mg protein/
min.

A change in OD of 0.01 at 244 mp was defined as a unit

of enzymatic activity.

Gordon and Beroza (1952) developed

the spectrophotometric method used to quantitate 2,4-D.
Protein was determined by the method of Warburg and Christian
(1942).

Growth was measured by following increase in OD at

600 millimicrons in a Bausch and Lomb Spectronic 20
spectrophotometer.
Manometric method s.
Oxygen consumption and nitrogen evolution were measured
manometrically with a Warburg respirator by procedures out
lined by Umbreit, Burris, and Stauffer (1959).

The test

organism was harvested by centrifugation and washed twice
with distilled water.

A suspension of washed bacteria, stan

dardized by relating turbidity measured at 600 millimicrons
in a Bausch and Lomb Spectronic 20 to dry weight, was added
to each flask.
Anaerobic conditions for studies with nitrate-reducing
bacteria were obtained by flushing the Warburg flasks with
with nitrogen gas for 15 minutes.
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Determination of the effect of 2 ,4-D on viability of resting
cells of P . fluorescens.
Cells were grown in Stanier's (1947) salt mixture con
taining either 0.5 percent fumarate, 0.5 percent citrate, or
0.5 percent acetate as the carbon source.

After 16-18 hours

incubation at 30 C, the cells were harvested by centrifuga
tion in sterile centrifuge tubes.

The cells were washed

aseptically three times with sterile distilled water.

After

the final sedimentation, the cells were diluted with sterile
distilled water so that 0.5 ml of the cell suspension added
to 9.5 ml of water gave a reading of 40 percent transmittancy at 600 millimicrons.

To determine the effect of 2,4-D

on the viability of the suspended cells, cells in a final
volume of 10 ml were incubated in 50 ml flasks on a rotary
shaker at 30 C in the presence of different concentrations
of 2,4-D.

Flasks containing no 2,4-D served as controls.

Following incubation, the viable counts were made.
Determination of cellular uptake of 2,4-D.
To determine the quantity of 2,4-D removed by

£.

fluorescens cells from a liquid medium, 20 mg dry weight of
young cells washed 3 times with 0.003 M phosphate, pH 7.0,
were incubated with 2,4-D for one hour at 30 C according to
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the procedure of Wedemeyer (1966).

After incubation, the

cells were removed by centrifugation, and the 2,4-D remaining
in solution quantitated.

The amount of 2,4-D adsorbed by the

cells was the difference between the 2,4-D remaining in
solution after removal of cells and the amount of 2,4-D in
the sample without cells.
Chromatographic method s.
Chromatographic separations of organic acids were
accomplished using thin layer chromatography (TLC). Generally
the methods outlined by Truter (1963) were followed.

Glass

plates (20 x 20 cm) were coated with cellulose powder (type
300 G, 15 g in 90 ml distilled water).

Films of adsorbent

were spread on the plates employing an adjustable spreader
(Stahl type) set at 0.5 mm.

The films were allowed to dry

overnight at room temperature.

The adsorbent layer was

activated at 105 C for 10 minutes.
Samples subjected to chromatographic analysis were pre
pared by a modification of the procedure described by
Higgins and von Brand (1966).

One liter of Stanier's (1947)

salt solution supplemented with 0.5 percent glucose and 3
pmoles of 2,4-D/ml in a 2 liter Erlenmeyer flask was inocu
lated with 2 ml of a young culture of P_. fluorescens and
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incubated at 30 C for 72 hrs.

The cells were removed by

centrifugation in a Servall RC-2 (Ivan Sorvall, Inc., Norwalk,
Connecticut) centrifuge.

One liter of the supernatant fluid

was acidified to pH 2.0 with concentrated sulphuric acid and
evaporated to dryness in a flash evaporator (Buchler
Instruments, Port Lee, New Jersey).

The alcohol soluble

portion was taken up in 25 ml of ethanol, undissolved sedi
ment was removed by centrifugation, and the decanted super
natant fluid again evaporated to dryness.

The alcohol

soluble material was dissolved in 3.0 ml of ethanol, the
residue removed by centrifugation and the supernatant fluid
used as the sample for addition to TLC plates.
Samples for column chromatography were prepared in the
same manner except the acids were dissolved in 1.0 N
sulphuric acid.
Isolation and identification of fumaric acid <.

TLC. Spotting of the plates was accomplished using 10
lambda pipettes with the aid of a mouth aspirator.

Drying

of the applied sample was facilitated by directing forced,
heated air to the applied spot.
TLC plates were developed using one-way and two-way
chromatography in the solvents developed by Higgins and
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von Brand (1966).

For one-way chromatography, the TLC plates

were developed in an acid solvent (propanol-eucalyptolformic acid-water, 50:50:20:5).

For two-way chromatography,

the chromatograms were first developed with 96 percent
ethanol-water-25 percent ammonium hydroxide, (100:12:16),
air dried, and developed in the second direction with the
eucalyptol solvent employed in the single development
chromatograms.

Organic acids on the plates were detected

by spraying with an aniline-ribose solution (Higgins and
von Brand, 1966) and heating for 10 min. at 105 C.
Identification of the unknown organic acids was made by
comparison of Rf values obtained with those published by
Higgins and von Brand (1966) and by co-chromatography with
known compound s.
Column chromatography. A silica gel column was pre
pared as described by Varner (1957).

The sample prepared

as described earlier was fractionated in 3 ml samples
following the procedure outlined by the latter author.

To

identify fumaric acid, a UV spectrum of each sample was
made employing the DB Double Beam Spectrophotometer and
compared with the UV spectrum obtained with fumaric acid.
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Preparation of cellular extracts.
Mature cells of the bacterium were harvested with a
steam driven Sharpies centrifuge.

The cells were washed by

suspending them in distilled water and sedimented by centri
fugation at 12,000 x g for 15 min
centrifuge.

in a Servall Model RC-2

The cells were washed an additional time in the

same manner and stored at -20 C until used.

Cells were not

stored longer than 14 days.
For preparation of cellular extracts approximately 12 g
(wet weight) of washed bacteria (fresh or frozen)

were sus

pended in 30 ml of 0.033 M phosphate buffer, pH 7.0, contain
ing 30 /imoles of Cleland's reagent.

The slurry of bacteria

was placed in a 50 ml beaker and chilled to 4 C in a water
bath cooler (Sargent & Co., Chicago, Illinois) set at -8 to
-10 C containing ethylene-glycol-water mixture.

The cells

were subjected to sonic disruption (Branson S-75) for 4
periods of 1 minute duration each.

After each sonication

period the slurry was again cooled to 4 C before proceeding
to the next sonication period.

Cellular debris was removed

by centrifugation for 15 min at 17,300 x g in a Servall RC-2
centrifuge.

The crude cellular extract was decanted and used

for experimentation or for purification of fumarase.
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Partial purification of fumarase.
Crude cellular extracts from P. fluorescens were diluted
to 10 mg of protein/ml with 0.033 phosphate buffer, pH 7.0
and a 10 percent solution of streptomycin sulfate added to a
final concentration of 1.75 percent to remove nucleic acids
(Oxeriburgh and Snoswell, 1965).

Streptomycin sulfate was

added slowly with stirring in a cold room.

After 90 min

the mixture was subjected to centrifugation at 17,300 x g
for 15 min in a Servall RC-2 centrifuge.

The supernatant

fluid was decanted and solid ammonium sulfate added to a
concentration of 30 percent saturation.

After 1 hour at 4

C, the precipitated protein was sedimented by centrifugation
at 17,300 x g for 15 min in a Servall Model RC-2 centrifuge.
The supernatant fluid was increased to 40 percent satura
tion with respect to ammonium sulfate, allowed to stand for
1

hour and the precipitated protein sedimented as above.

The precipitate was dissolved in cold 0.033 M phosphate
buffer, pH 7.0, and either used for experimentation or sub
jected to dialysis and then used for experimentation.

RESULTS
Growth experiments employing aerobic, anaerobic,
facultatively anaerobic, and denitrifying bacteria were
invoked to determine the effect of 2,4-D on bacteria pos
sessing different oxygen requirements for growth.
Aerobic growth experiments.
All the aerobic test organisms were quite sensitive to
2.4-D although different degrees of sensitivity within the
group existed (Table 1).
Growth of Bacillus subtilis, Bacillus megaterium, and
Corynebacterium fasciens, the Gram-positive bacteria employed,
was reduced by 1.0 pmole/ml of 2,4-D and no growth occurred
at 5.0 pmole/ml whereas growth of the Gram-negative bac
terium, Achromobacter parvulus, was not affected by 4
pmoles/ml of 2,4-D but was completely inhibited by 5 pmoles/ml
of 2,4-D.

P^. fluorescens displayed a marked resistance to

2.4-D in the peptone-glucose medium in that 50 pmoles/ml of
2.4-D was required to prevent growth.

The response of

P. fluorescens to the herbicide was similar to the other
Gram-negative organisms in that an all-or-none effect was
obtained since 45 pmoles/ml of 2,4-D had little effect on
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Table 1,

Organism

Effect of 2,4-D on the growth of aerobic bacteria

Incubation time
hr

ytimoles 2,4-D/ml
0

1

2

3

4

5

increase in OD at 600 mp
B, subtilis

24

1.50

0. 36

0.21

0.10

0.03

0.00

B. meqaterium

64

0 =68

0.10

0.00

0.00

0.00

0.00

C . faciens

72

1.00

0.54

0.12

0.05

0.03

0.00

A. parvulus

72

0.95

0.94

0.93

0.95

0.95

0.00

P. fluorescens

24

0.95

0c 95

0.96

0.95

0.95

0.95

vO

30
the final cell concentration.

When P.. fluorescens was

cultured in Stanier's mineral salts medium with 0.5 percent
glucose, 5 pmoles/ml of 2,4-D prevented growth whereas 2.0
pmoles/ml of 2,4-D allowed the same amount of growth as in
medium without 2,4-D.

The growth response of the Gram-

positive, aerobic bacteria to increasing concentrations of
2,4-D was inversely proportional to the 2,4-D concentration
with higher concentrations of 2,4-D producing progressively
less change in OD of the culture.
Growth experiments with anaerobic bacteria.
Growth of Clostridia showed a uniform response to 2,4-D
(Table 2).

Little effect on growth was observed at a concen

tration of 10 pmoles/ml of 2,4-D and all four species tested
failed to grow at concentrations of 15 pmoles/ml of 2,4-D.
Growth experiments with facultative anaerobic organisms.
The growth of both Gram-positive and Gram-negative
bacteria of this metabolic type was less sensitive to 2,4-D
under aerobic than anaerobic conditions (Table 3).

The Gram-

positive bacteria were affected by much lower concentrations
of 2,4-D under both aerobic and anaerobic environments than
were the Gram-negative organisms.

Moreover, the Gram-positive

Table 2 . Effect of 2,4-D on the growth of anaerobic bacteria

Organism

Incubation time
hr

^nmoles 2,4-D/ml
0

1

5

15

10

increase in OD at 600 nyj
C, perfringens

24

0.55

0.55

0.55

0.47

0.00

C. acetobutylicum

24

0.68

0.66

0.61

0.42

0.00

C . tetanomorphum

48

0.70

0.68

0.65

0.46

0.00

C - sporoqenes

48

0.70

0.66

0.64

0.53

0.00

u>
H

Table 3c

Effect of 2,4-D on growth or facultative bacteria

^umoles 2,4-D/ml
Organism
0

1

2

5

10

15

30

50

40

increase in OD at 600 nyj, incubation time of 24 hrs;
.

E = coli
aerobic
anaerobic
A - aeroqenes
aerobic
anaerobic

0.90
0.50

1.00

0.30

0.44

0.87
0.40

0.85
0. 30

0.85
0.30

0.96
0. 31

0.99
0 „30

1.00
0 .26

0.83

0.75

0.21

0.20

0.00
0.00

0.86

S . aureus
aerobic
anaerobic

0.36
0.14

0.20

0.16

0.07

0.00

B . cereus
aerobic
anaerobic

0.70
0c 13

0. 35
0.06

0.25
0.04

0.84
0.33

0.64
0.11

0.50
0.06

0.20
0.00

0.00
0.00

0. 03

0.00
0.00

0.00

_■*

-

-

-

-

—

—*

—

—

—

-

-

-

0.09

0.03

0.00

0.00

0.00
0.00

1

-* = no change

u»
to
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bacteria under aerobic conditions were inhibited by lower
concentrations of 2,4-D than anaerobically grown Gramnegative microorganisms.
Growth experiments with denitrifying bacteria.
Under aerobic conditions the growth of the three
organisms employed was affected less by 2,4-D than under
anaerobic conditions with nitrate as electron acceptor
(Table 4).

Cells growing under anaerobic conditions with

nitrite as electron acceptor displayed a sensitivity to 2,4-D
similar to that of aerobically-grown cells.

P_. denitrificans

was less sensitive to 2,4-D under all growth conditions than
were A. nephridii and

stutzeri which displayed about the

same sensitivity to 2,4-D.
Manometric experiments with £. denitrificans.
Manometric experiments were performed to compare the
effect of 2,4-D on the reduction of nitrate and nitrite by
resting cells of nitrate-grown P. denitrificans. As shown
in Figure 1, when nitrate was supplied as the electron
acceptor 2,4-D markedly reduced gas production.

The rate of

gas formation was decreased by approximately 50 percent in
the presence of 2.7 mM 2,4-D.

The presence of 7.5 mM 2,4-D

Table 4.

Effect of 2,4-D on growth of denitrifying bacteria
1

Organism

Incubation time
hr

pmoles 2,4-D/ml
0

5

10

15

20

30

40

increase in OD at 600 mp
P. denitrificans
aerobic
anaerobic (NC>3-)
anaerobic (NO2 -)

60
72
72

0.95
0.41
0.24

0.95
0.28
0.26

0.75
0.30
0.27

P. stutzeri
aerobic
anaerobic (NO3-)
anaerobic (NO2 -)

36
36
36

1.00
1.00

1.00
0.10

0.28

0.07

0.25

0.00
0.12

0.00

0.30

0.90
0.04
0.19

A. nephridii
aerobic
anaerobic (NO^-)
anaerobic (NO2 -)

72
72
72

1.00

0.90
0,15
0.25

0.80

0.70

0.50
0.25

0.64

0.50

0.50

0.21

0.00

0.26

0.24

0.00
0.12

0.16

0.00

0.00

0.20
0 .00

0.23

0.25

0.06

0.02
0.00

0.05

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.00
0.00

CO

Figure 1.

Gas production from nitrate by resting cells of
P_. denitrificans■ Warburg flasks contained 0.5
ml standardized cells, 0.5 ml 0.1 N phosphate
buffer pH 7.0, 25 umoles glucose in the main
compartment and 0.1 ml 20 percent potassium
hydroxide in the center well and 2,4-D as indi
cated. Distilled water was added to 3.0 ml.
Incubation was at 30 C in an atmosphere of
nitrogen. Symbols: no 2,4-D (Q) , 2.7 mM
2,4-D (A) « 5,4 mM 2,4-D (□), endogenous in
the presence of 2.7 mM 2,4-D (A) , endogenous
in the presence of 5.4 mM 2,4-D (H) *
endogenous (£) .
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completely inhibited gas production.

Increasing amounts of

2,4-D resulted in a similar decrease of endogenous gas
production (Fig. 1).
Figure 2 shows the results of manometric experiments
utilizing nitrite as the added electron acceptor.

Although

the rate of gas formation was decreased by 2,4-D, good gas
production occurred in the presence of 10.8 mM 2,4-D.
Endogenous activity in the presence of nitrite was not
affected by the concentrations of 2,4-D used in these
experiments.
Determination of the effect of 2,4-D on the oxidation of
TCA cycle intermediates.
When suspensions of washed cells of P. fluorescens
grown in Stanier's salt solution (1947) supplemented with 0.5
percent citrate were incubated in a Warburg apparatus with
citrate as the substrate, increasing concentrations of 2,4-D
resulted in a decrease in oxygen uptake (Fig. 3).

In the

presence of 21.6 mM 2,4-D, oxygen uptake was only 10 percent
of the control.

When the substrate in manometric experi

ments was succinate (Fig. 4), the response to 2,4-D was
similar to that obtained with citrate.

However, the same

concentrations of 2,4-D were more effective in preventing

Figure 2.

Gas production from nitrite by resting cells of
P.. denitrificans. Warburg vessels were pre
pared as described in Figure 1 except 25 pmoles
sodium nitrite was substituted for sodium
nitrate. Symbols: no 2,4-D (0), 3.6 mM 2,4-D
(A ) , 10.8 mM 2,4-D (A) , endogenous and
endogenous in the presence of 21.6 mM 2,4-D
(□) , 21.6 mM 2,4-D (O) •

pi GAS FORMED

500

300

100
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60
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Figure 3.

Oxygen uptake by citrate-grown resting cells of
P. fluorescens. Warburg flasks contained 25
pinoles citrate, 0.5 ml of standardized cell
suspension, 0.5 ml 0.1 N phosphate buffer pH 7.0,
2,4-D as indicated, 0.1 ml 20 percent potassium
hydroxide in the center well and distilled
water to 3.0 ml. Incubation was at 30 C in an
atmosphere of air. Symbols: no 2,4-D (O)*
7.2 mM 2,4-D (□), 10.8 mM 2,4-D
endogenous (£) , 21.6 mM 2,4-D (A) .

(A),

9 0 0

900

100

TIME (minutes)

Figure 4.

Oxygen uptake by citrate-grown resting cells of
£. fluorescens. Warburg flasks were prepared
as in Figure 3, except 25 mmoles of succinate
was substituted for citrate. Symbols: no 2,4-D
and 3.6 mM 2,4-D (O) > 10.8 mM 2,4-D (A) ,
endogenous (Q)- 21.6 mM 2,4-D (f )•
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oxidation of succinate than citrate.

With citrate supplied

as the substrate, 10.8 nM 2,4-D produced about 30 percent
inhibition of oxygen uptake whereas the same amount of 2,4-D
reduced the oxygen uptake by resting cells oxidizing succi
nate 60 percent.
The results of manometric experiments with malate as
the substrate are shown in Figure 5.

The inhibition of

oxygen uptake produced by 2,4-D in the experiments was com
parable to that obtained when citrate was the substrate.
Higher concentrations of 2,4-D (21.6 mM) were very effective
in preventing oxidation of malate by P.. fluorescens, but
lower concentrations of the herbicide (10.8 mM) had little
effect.
The oxidation of fumarate by resting cells of £.
fluorescens was most sensitive to 2,4-D (Fig. 6 ).

Inclusion

of 3.6 ^moles/ml of 2,4-D in the reaction mixture caused
about a 10 percent reduction in oxygen uptake compared to
the control flasks without 2,4-D.

Increasing the 2,4-D

concentration to 10.8 mM produced more than 90 percent
reduction in oxygen uptake.
In order to determine if the response were dependent on
the carbon source employed in growing the cells, fumarategrown cells were substituted in manometric experiments for

Figure 5.

Oxygen uptake by malate-grown resting cells of
P.. fluorescens. Warburg flasks were prepared
as in Figure 3 except 5 pinoles of malate was
substituted for citrate. Symbols: no 2,4-D
(O)' 10.8 mM 2,4-D (Zi) , endogenous <□),
21.6 mM 2,4-D (0), endogenous in the presence
of 3.6 mM 2,4-D (£) .
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5 00

100

60

120

T I M E (minutes)

Figure 6 . Oxygen uptake by citrate-grown resting cells of
P. fluorescens. Warburg flasks were prepared
as described in Figure 3 except 25 pmoles of
fumarate was substituted for citrate. Symbols:
no 2,4-D (O)' 3.6 mM 2,4-D (A) , endogenous
<■), 10.8 mM 2,4-D (0), 21.6 mM 2,4-D

(A).
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citrate-grown cells (Pig. 7).

The degree of sensitivity of

these cells when oxidizing fumarate in the presence of 2,4-D
was comparable to that obtained with citrate-grown cells.
Action of 2.4-D on endogenous metabolism.
The inhibitory effect of 2,4-D on the endogenous res
piration of a resting cell suspension of £. fluorescens
grown on malate is shown in Figure 5.

Whereas 3.6 mM 2,4-D

inhibited oxidation of malate very little, the same concen
tration of 2,4-D markedly reduced endogenous oxygen uptake.
Moreover, by increasing 2,4-D to 10.8 mM
was completely stopped.

endogenous activity

Experiments to determine the effect

of 2,4-D on the endogenous activity of citrate-grown cells
are presented in Figure 8 . As little as 1.6 mM 2,4-D
significantly reduced endogenous oxygen uptake and more
than 8.0 mM 2,4-D prevented endogenous activity.

Experiments

with fumarate-grown cells gave results similar to those
obtained with malate and citrate-grown cells.
Demonstration of fumaric acid accumulation in a_ glucose
medium containing 2,4-D.
The results of manometric experiments suggested that
enzymes of the TCA cycle, particularly fumarase, were inhi
bited by 2,4-D.

In order to determine if an intermediate(s)

Figure 7.

Oxygen uptake by fumarate-grown resting cells
£. fluorescens. Warburg flasks were prepared
as described in Figure 3 except 25 pinoles of
fumarate was substituted for citrate. Symbols
no 2,4-D (O) * 3 *6 roM 2,4-D (A) * endogenous
(□), 10.8 mM 2,4-D (#) , 21.6 mM 2,4-D (A).

90
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Figure 8.

Oxygen uptake by citrate-grown resting cells of
P. fluorescens. Warburg flasks were prepared
a# described in Figure 3. Symbols: no 2,4-D
(O— 0) , 1.6 mM 2,4-D (A-A) , 4.8 mM 2,4-D
(□— □ ), 8.0 mM 2,4-D (•— •), endogenous (±-A) ,
endogenous in the presence of 1.6 mM 2,4-D
(■— ■) , endogenous in the presence of 4.8 mM
2,4-D (0— 0), endogenous in the presence of 8.0
mM 2,4-D (
)•
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of the TCA cycle was accumulating when glucose was metabo
lized by £. fluorescens in the presence of 2,4-D, culture
supernatant fluid was examined for these compounds.

Thin

layer chromatography of the supernatant fluid revealed that
two compounds were present in the 2,4-D containing medium
that were not detectable in the same medium containing no
2,4-D.

The identity of fumaric acid as one of the compounds

and 2,4-D as the other was demonstrated in two solvent sys
tems suitable for TCA intermediates.

The Rf values obtained

in these experiments agreed with established Rf values for
fumaric acid (0.83 for single development and 0.89 in acid
solvent for two dimensional development). Known samples of
fumaric acid chromatographed with the unknown sample yielded
Rf values that agreed with published Rf values for fumaric
acid.

The 2,4-D was identified by agreement of Rf values

obtained with 2,4-D chromatograms in the solvents employed
and those obtained in unknown samples (0.96 for single
development). To further establish the identity of the acids,
concentrated samples were separated by silica gel column
chromatography.

Fractions 18-24 all exhibited uv adsorption

spectra that agreed with those obtained with the fumaric
acid standard.

Fractionation of samples obtained from
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cultures grown In the absence of 2,4-D gave no evidence of
fumaric acid.
Effect of 2,4-P on fumarase.
Fumarase prepared from P. fluorescens as described in
the Materials and Methods section was purified 5 fold.
Undialyzed fumarase preparations were inhibited 10 percent
_3
by 8.0 x 10
M 2,4-D. The undialyzed fumarase was inhibited
about 80 percent by 9.5 x 10“^ M 2,4-D which showed that
inhibition was concentration dependent.
Fumarase dialyzed 12 hours against 0.033 M phosphate
buffer (pH 7.0) was not inhibited by 2.0 x 10“^ M 2,4-D.
To determine if the loss of sensitivity of fumarase to
2.4-D was due to the removal of a dialyzable component,
"Kochsaft" was added to the dialyzed fumarase.

The "Koch-

saft" had no effect on the activity of the enzyme.

However,

fumarase in the presence of "Kochsaft" was as sensitive to
2.4-D as the undialyzed enzyme.

These results demonstrated

a dialyzable component, normally associated with fumarase,
was required for 2,4-D to display its inhibitory effect.
In an attempt to characterize the dialyzable component,
ashed crude extract was added to dialyzed fumarase.

In the

presence or absence of 2,4-D, the ashed preparation had no
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effect on the enzymatic activity of dialyzed fumarase -which
indicated the dialyzable factor was an organic molecule.
Adenosine-moi\ophosphate (£MP) was considered a likely
candidate for the dialyzable organic compound required for
2,4-D to effect inhibition of fumarase.

The results of an

experiment to test this hypothesis are shown in Figure 9.
The data showed that in the absence of AMP no inhibition of
dialyzed fumarase by 2,4-D resulted at concentrations as high
as 1.6 x 10“2 M.

However, in the presence of AMP (10-4 M)

the fumarase was inhibited by 2,4-D above concentrations of
0.005 M in a manner similar to that obtained with undialyzed
enzyme.

By increasing the AMP concentration to 2.4 x 10-4 M,

inhibition of fumarase by AMP alone resulted (Fig. 10).
Therefore, to study the effect of 2,4-D on fumarase activity
-4
AMP (10
M) was included in the assays.
Double reciprocal plots (Lineweaver and Burk, 1934)
were employed to gain an insight into the type of inhibition
produced.

The curves obtained indicated that AMP (10-4 M)

plus 2,4-D (6.5 x 10

M) inhibited fumarase non-competi-

tively (Fig. 11).
Fumarase was inhibited by 2,4-D if the concentration of
AMP was reduced to 5 x 10

M.

If the AMP concentration was

less than 5 x 10”^ M, fumarase was not inhibited by 2,4-D.

Figure 9.

Determination of the relationship between 2,4-D
and AMP on reduction of fumarase activity.
Symbols: 2,4-D (A) 2,4-D and 2.0 x 10"^ M
AMP (O)*
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Figure 10.

Determination of the relationship between AMP
concentration and fumarase activity.
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Figure 11.

Double reciprocal plot of fumarase activity for
the determination of the type of inhibition
produced by a combination of 2,4-D and AMP.
Symbols: fumarate (4j )» fumarate, 6.5 x 10“^ M
2,4-D, and 1.0 x 10“4 M AMP (Q) •
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The stability of the complex formed by 2,4-D and AMP
with fumarase was determined by dialysis experiments.
Fumarase was treated with AMP (10“^ M) and 2,4-D (6.5 x 10“^
M) which produced a 70 percent inhibition of enzyme activity.
The mixture was then dialyzed against 0.033 M phosphate
buffer for 12 hours which resulted in recovery of enzyme
activity.

Readdition of AMP and 2,4-D to the dialyzed enzyme

reduced the fumarase activity by 80 percent.

This experi

ment showed that neither 2,4-D or AMP was firmly bound to
the enzyme.
To determine if the inhibition by 2,4-D was due to
chelation, EDTA was substituted in equimolar concentrations
for 2,4-D.

No change in the activity of fumarase was noted.

Effect of 2 ,4-D on bacterial enzymatic adaptation.
The fact that 2,4-D inhibited fumarase in the partially
purified state and reduced oxygen uptake of whole cells
oxidizing TCA intermediates suggested that energy requiring
processes would not occur.

To determine if such a relation

ship existed, adaptive enzyme formation was studied.

Figure

12 shows the adaptive response of resting cells of P.
fluorescens (citrate grown) to benzoate.

Low concentrations

of 2,4-D (3.6 mM) delayed the adaptive response and 7.2 mM

Figure 12.

Oxygen uptake by citrate-grown resting cells of
P^. fluorescens. Warburg flasks were prepared
as described in Figure 3 except 25 pinoles of
benzoate was substituted for citrate. Symbols:
no 2,4-D (O) 3*6 roM 2,4-D (A) , endogenous
(□) , 7.2 mM 2,4-D ((|) , 21.6 mM 2,4-D (■).
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2.4-D prevented adaptation.

Resting cells of £. fluorescens

grown on fumarate (Fig. 13) failed to adapt to benzoate
within 6 hours when 7.2 mM 2,4-D was included but 3.6 mM
2.4-D did not alter adaptation significantly.
To study further the effect of 2,4-D on the adaptive
process in microorganisms, the adaptation of E. coli to lac
tose was followed manometrically (Fig. 14).

As was the case

with adaptation of P. fluorescens to benzoate, 2,4-D (7.2 mM)
prevented the adaptation of E. coli (glucose-grown) to
lactose.

The capacity of glucose-grown cells to oxidize

glucose was not greatly altered by relatively high concentra
tions of 2,4-D (Fig. 15).

If 2,4-D prevents formation of

adaptive enzymes but does not inhibit preformed enzymes then
2.4-D should not alter oxygen uptake if adaptation has
already occurred.

As shown in Figure 16, addition of 2,4-D

after enzyme adaptation has occurred does not change the rate
of oxygen uptake.
Induced resistance to 2,4-P.
£. fluorescens when grown on acetate was very resistant
to 2,4-D as determined by oxygen uptake studies and by
viability studies.

Figure 17 shows the results of manometric

experiments with acetate-grown cells.

This resistance to

Figure 13.

Oxygen uptake by fumarate-grown resting cells of
P. fluorescens. Warburg flasks were prepared
as described in Figure 3 except 25 pmoles of
benzoate was substituted for citrate. Symbols:
no 2,4-D (O)' 3.6 mM 2,4-D (A) , endogenous
(0), 10.8 mM 2,4-D (□), 21.6 mM 2,4-D (▲) .
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Figure 14.

Oxygen uptake by glucose-grown resting cells of
E. coli. Warburg flasks were prepared as
described in Figure 3 except 25 pmoles of lac
tose was substituted for citrate. Symbols:
no 2,4-D (O), 3.6 mM 2,4-D (A) , endogenous
(□) , 7.2 mM 2,4-D (0 ) .
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Figure 15.

Oxygen uptake by glucose-grown resting cells
E. coli■ Warburg flasks were prepared as
described in Figure 3 except 25 pinoles of
glucose was substituted for citrate. Symbols
no 2,4-D (O) i 7.2 mM 2,4-D (A), 14.4 mM
2,4-D (□) , endogenous (0 ).
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Figure 16.

Oxygen uptake b^ glucose-grown resting cells
of E. coli. Warburg flasks were prepared as
described in Figure 3 except 25 pmoles of
lactose was substituted for citrate. Symbols
no 2,4-D (O) > 14.4 mM 2,4-D tipped in at the
point indicated by the arrow (Zi). 3.6 mM
2,4-D (0) , endogenous (# ) .
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Figure 17.

Oxygen uptake by acetate-grown resting cells of
P. fluorescens. Warburg flasks were prepared
as described in Figure 3 except 5 pmoles of
acetate was substituted for citrate. Symbols:
3.6 mM 2,4-D ( O ) - no 2,4-D (A), 21.6 mM
2,4-D (□), endogenous and endogenous in the
presence of 21.6 mM 2,4-D (0).
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2,4-D is in contrast with the results obtained with cells
grown on other substrates.

The endogenous oxidation by

acetate-grown cells also was not affected by 21.6 mM 2,4-D
which again emphasized the resistant character of these cells.
When resting cell suspensions of acetate-grown P.. fluorescens
were incubated with fumarate in manometric experiments,
respiration was not reduced at concentrations of 2,4-D
which greatly reduced oxygen uptake with fumarate-grown cells
(Fig. 18).

Malate oxidation by acetate-grown cells of

P. fluorescens was not susceptible to 2,4-D inhibition
(Fig. 19).
The resistance of acetate-grown cells to 2,4-D was sub
stantiated further by their ability to form adaptive enzymes
in the presence of 2,4-D; a capacity prevented by low con
centrations of 2,4-D with fumarate-grown cells.

Figure 20

shows that adaptation to benzoate by acetate-grown cells
occurred in the presence of 21.6 mM 2,4-D.

This concentra

tion not only prevented adaptation in fumarate-grown cells
(Fig. 13) but also stopped endogenous oxygen utilization.
An additional experiment was performed to characterize
in more detail the differences in response of B. fluorescens
to 2,4-D depending on the source of carbon supplied in the
growth medium.

The rate of death of resting cells of the

Figure 18.

Oxygen uptake by acetate-grown resting cells of
P. fluorescens. Warburg flasks were prepared
as described in Figure 3 except 25 pinoles of
fumarate was substituted for citrate. Symbols:
3.6 mM 2,4-D (0 > * 10*8 mM 2,4-D (□), no
2,4-D
, 21.6 mM 2,4-D (0), endogenous (A) .
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Figure 19.

Oxygen uptake by acetate-grown resting cells of
P.. fluorescens. Warburg flasks were prepared
as described in Figure 3 except 25 pmoles of
malate was substituted for citrate. Symbols:
no 2,4-D (O). 3.6 mM 2,4-D (□), 10.8 mM
2,4-D
mM 2,4-D (#), endogenous (A) .
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Figure 20.

Oxygen uptake by acetate-grown resting cells of
£. fluorescens. Warburg flasks were prepared
as described in Figure 3 except 25 )imoles of
benzoate was substituted for citrate. Symbols:
no 2,4-D
21.6 mM 2,4-D (□), 3.6 mM
2,4-D (0), 10.8 mM 2,4-D (A) , endogenous (Q ) •
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organism in the presence of 2,4-D was measured.

Table 5

shows that the viability of citrate-grown resting cells was
not reduced significantly by exposure to 10 mM 2,4-D for one
hour, but was reduced 99.9 percent of the original cell count
by 20 mM 2,4-D.

The results shown in Table 6 illustrated

the high degree of susceptibility of resting cells of
fumarate-grown

fluorescens. A concentration of only 3.0

mM 2,4-D for 1 hr reduced the viable cell count by more than
99 percent.
Table 7 presents data which demonstrates the resistance
of acetate-grown resting cells to the lethal effects of
2,4-D.

At the high concentration of 40 mM 2,4-D, no reduc

tion in the viable count occurred during one hour of exposure.
If the resistance of acetate-grown cells to 2,4-D was
due to non-permeability, acetate-grown cells should not
remove as much 2,4-D from the environment as citrate or
fumarate-grown cells.

To test this possibility washed

fumarate-grown and acetate-grown cells at a density of 10 mg
dry weight of cells/ml grown were incubated at 30 C with 7
mM 2,4-D for 1 hr.

After sedimentation of the cells by

centrifugation, quantitation of 2,4-D in the supernatnat
fluids showed that acetate-grown cells had removed no 2,4-D,
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Table 5.

Effect of 2,4-D on the viability of citrategrown resting cells of
fluorescens

Concentration of 2,4-D
(mM)

Exposure time
(hr)

Number/ml

0

0

1.2

x 108

0

1

1.1

x 108

3.0

0

1.5 x 108

3.0

1

1.2

x 108

10.0

0

1.1

x 108

10.0

1

8.7 x 107

20.0

0

1.7 x 108

20.0

1

1.6

x 105

40.0

0

1.8

x 108

40.0

1

9.0 x 104
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Table 6 . Effect of 2,4-D on the viability of fumarategrown resting cells of P.. fluorescens

Concentration of 2,4-D
(mM)

Exposure time

Number/ml

8.9 x 107
8.4 x 107
3.0

0

8.3 x 107

3.0

1

1.3 x 10-

20.0

0

7.0 x 107

20.0

1

1.0

x 104
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Table 7.

Effect of 2,4-D on the viability of acetategrown resting cells of P. fluorescens

Concentration of 2,4-D
(mM)

Exposure time
(hr)

Number/ml

0

0

3.0 x 107

0

1

2.8

x 107

10.0

0

2.8

x 107

10.0

1

2.6

x 107

20.0

0

1.7 x 107

20.0

1

1.6

x 107

30.0

0

2.6

x 10 7

30.0

1

2.6

x 10 7

40.0

0

3.1 x 107

40.0

1

3.0 x 107

but fumarate-grown cells removed 72 pg/ml of 2,4-D from the
suspending fluid.
Differences in cell permeability between acetate-grown
cells and cells grown on other substrates appeared to explain
the relatively high resistance of acetate-grown cells to
2.4-D.

To further establish this possibility, cellular

extracts were prepared from P. fluorescens grown in acetate
medium and the capacity of the cellular extract to oxidize
fumarate in the presence and absence of 2,4-D determined.
The data graphed in Figure 21 demonstrated that the fumarase
from acetate-grown cells w^s susceptible to inhibition by
2.4-D.
Data presented in these experiments indicated that the
acetate-induced resistance of P.. fluorescens to 2,4-D could
be explained by a difference in permeability.

Figure 21.

Oxygen uptake by a crude cellular extract from
acetate-grown P.. fluorescens. Warburg flasks
were prepared as described in Figure 3 except
0.5 ml of crude cellular extract (30 mg protein)
was substituted for resting cells and 25 pmoles
of fumarate was substituted for citrate.
Symbols: no 2,4-D (O)' 3.6 mM 2,4-D (A) , 10.8
mM 2,4-D (□) .
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DISCUSSION
Growth experiments have been employed for many years in
the science of microbiology to evaluate the effect of chemi
cals on microbial populations and it was established soon
after its formulation that 2,4-D inhibited bacterial growth.
From the results of growth experiments in this investigation
it is apparent that different bacteria display varied
sensitivities to 2,4-D and that some correlation exists
between the response to 2,4-D and the physiology and enzyme
content of microorganisms.
Worth and McCabe (1948) reported that the growth of
aerobic organisms was inhibited by low concentrations of
2,4-D but growth of facultatively anaerobic and anaerobic
bacteria was not affected by the herbicide at concentrations
of 2.0 percent (approximately 80 mM when calculated on the
basis of pure 2,4-D).

The results obtained in this study

differ from the experimental data of these authors in that
growth of Clostridia was prevented by 15.0 mM 2,4-D and
none of the Gram-negative facultatively anaerobic bacteria
grew at concentrations of 4 mM under either aerobic or
anaerobic conditions.

The Gram-positive facultatively

anaerobic microorganisms, under both conditions of oxygen
70

availability, were more sensitive to 2,4-D than their Gramnegative counterparts.
The variance in results between this work and that of
Worth and McCabe (1946) may be explained at least in part,
by the differences in experimental design.

They used solid

media, different microorganisms, determined growth visually
and did not compare the sensitivity of facultative organisms
to 2,4-D under aerobic and anaerobic growth conditions.
Newcombe and Downing (1958) reported, but did not pre
sent data, that Gram-positive bacteria are more sensitive to
2,4-D than Gram-negative organisms.

If the test organisms

within the same metabolic type (within the facultatively
anaerobic group or within the aerobic group) are grouped
according to the Gram-stain reaction and comparisons of
sensitivity to the herbicide made, the greater sensitivity
of the Gram-positive bacteria is apparent.

However, if such

a comparison is made of organisms among different groups,
the generality is not valid.

Growth experiments in this

investigation show that the aerobic A. parvulus (Gramnegative) was more sensitive to 2,4-D than were any of the
Gram-positive Clostridia studied.
The greater sensitivity of the aerobic as compared to
the anaerobic bacteria suggested that the cytochrome system

may be particularly sensitive to the herbicide.

However,

the results obtained with facultative anaerobic bacteria
implied that this type of reasoning is not correct.

If the

cytochrome system were most sensitive to 2,4-D then it might
be expected that the growth of facultatively anaerobic
organisms would be more sensitive under aerobic than
anaerobic conditions.

The results of our experiments demon

strated that growth of facultatively anaerobic bacteria was
equally or somewhat more sensitive to 2,4-D under anaerobic
conditions.
The denitrifying bacteria were more sensitive to 2,4-D
under anaerobic than aerobic conditions.

If the electrons

flow through the same or a similar iron porphyrin system
prior to the reduction of oxygen or nitrate, then the
nitrate reductase should be more sensitive to 2,4-D than
is cytochrome oxidase.

Nitrite reduction which is not

inhibited by cyanide (Hart, Larson and McCleskey, 1965)
probably does not involve iron porphyrin enzymes.

It is

evident that nitrate reductase may be inhibited at concen
trations of 2,4-D that are apparently without effect on
nitrite reductase.

This fact indicated that 2,4-D may be

a useful, selective inhibitor in studies with nitratereducing bacteria.
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Evidence that fumarase of P. fluorescens was particu
larly sensitive to 2,4-D was acquired by four different
experimental approaches.

Firstly, the growth of the organism

on single carbon sources in the presence of 2,4-D demon
strated that growth was most sensitive to 2,4-D if fumarate
was the carbon source provided.

Higher concentrations of

2.4-D were required to prevent growth if glucose, citrate,
succinate, or malate was provided as a source of carbon.
Secondly, manometric experiments with resting cells demon
strated that oxidation of glucose, and some intermediates
of the citric acid cycle were less sensitive to inhibition
by 2,4-D than was fumarate oxidation.

Thirdly, cells grown

on glucose in the presence of a sub-lethal concentration of
2.4-D accumulated fumarate in the medium which indicated
impaired utilization of fumarate.

Fourthly, the enzyme,

fumarase, in crude cellular extracts and in the partially
purified state, was shown to be inhibited by 2,4-D in the
presence of AMP, a normal constituent of microbial cells.
These different lines of evidence would seem to leave little
room for doubt that in P. fluorescens fumarase activity is
the cellular function most sensitive to 2,4-D.

The observed effects of 2,4-D on P. fluorescens could
all result from the inhibition of fumarase with resultant
loss of energy production.

If the endogenous activity of

resting cells depends on the citric acid cycle the inhibi
tion of fumarase would stop endogenous metabolism which was
an apparent action of 2,4-D on P. fluorescens. In a like
manner the loss of viability of resting cells in the pre
sence of 2,4-D could result from the reduction in endogenous
activity by preventing operation of the citric acid cycle
through inhibition of fumarase.

Wilkinson (1959) considered

utilization of cellular organic reserves as essential for
bacterial survival in environments devoid of carbon.
According to Strange, Dark and Ness (1960) bacterial
populations remained viable for longer periods vftien grown
in a medium in which carbon was not limiting than bacteria
harvested from a medium in which carbon was limiting.
The survival of bacteria under conditions in which the
environment was intended to exert no stress on the organisms
was reviewed by Postgate and Hunter (1963).

They emphasized

that difficulties might result from toxic impurities in
reagents employed,

it is obvious that 2,4-D is toxic and

would effect the viability of resting cells.

By inhibition

of fumarase and, therefore, the citric acid cycle, the

energy necessary for adaptive enzyme synthesis would be
lacking.

£. fluorescens did not form benzoate-oxidizing

enzymes in the presence of 2,4-D.

The endogenous activity

of E. coli is also sensitive to 2,4-D and E. coli would not
form^g-galactosidase in the presence of 2,4-D.

The lactose-

utilizing enzymes of E. coli and the benzoate-oxidizing
enzymes of P. fluorescens once formed were not affected by
2,4-D.

Therefore, the inability to form adaptive enzymes

accounted for results obtained in these studies rather than
an inhibition of the enzymes after their synthesis.

It

should be emphasized that all these effects were apparent
at similar concentrations of 2,4-D which quite specifically
inhibited fumarate utilization.
Collaborative evidence that endogenous metabolism is
important for maintenance of cellular viability and for
adaptive enzyme formation was obtained with acetate-grown
cells.

Acetate-grown cells are resistant to 2,4-D and in

its presence carry on normal endogenous metabolism.

Acetate-

grown resting cells remain viable and form adaptive enzymes
in the presence of high concentrations of 2,4-D.

The fact

that acetate-grown, resting cells metabolized fumarate at
a normal rate emphasized the importance of the citric acid
cycle in these functions.
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The acetate-induced, phenotypic resistance of P . fluo
rescens to 2,4-D was an interesting observation.

This non

specific induction of resistance to a chemical agent appears
to be without precedent in microbiology.

The resistance of

acetate-grown cells to 2,4-D was apparent in manometric and
resting cell survival experiments and is probably due to a
change in cell permeability.

It was shown that acetate-

grown cells oxidized fumarate in the presence of 10.8 mM
2,4-D at a rate comparable to the controls (Fig. 18), yet,
oxidation of fumarate by a crude cellular extract (Fig. 21)
prepared from P.. fluorescens grown on acetate was inhibited
approximately 50 percent by 3.6 mM 2,4-D and almost 100
percent by 10.8 mM 2,4-D.

The experiment reported here

employing resting cells of £. fluorescens showed that 2,4-D
was removed from the environment by fumarate-grown but not
acetate-grown cells.

Wedemeyer (1966) found that resting

cells of P. fluorescens removed 2,4-D from the environment
and suggested the uptake occurred by a two-step process:
sorption to the cell wall followed by passive diffusion
into the cytoplasm.

If Wedemeyer's suggestion is correct,

acetate-grown cells either do not adsorb and/or allow
passive diffusion of 2,4-D into the cytoplasm following
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adsorption.

Presumably, the cell wall, cytoplasmic membrane

or both of acetate-grown cells are different in chemical
structure from cells grown on other carbon sources.
nature of such differences is not known.

The

Another possible

explanation may reside with the permease content of cells
grown on different carbon sources.

Barrett, Larson and

Kallio (1953) established that the permease content of P_.
fluorescens varied with the substance utilized for growth.
Therefore it may be that fumarate-grown cells possess a
permease which non-specifically carries 2,4-D into the cell.
Acetate-grown cells may not possess this permease.
The mechanisms of the inhibition of fumarase of P.
fluorescens by AMP and AMP and 2,4-D is not clear.

Studies

with pure enzyme will be required to elucidate the mechanism
of inhibition.

Changeux (1965) has proposed a model for

control and catalysis of enzymes which may explain the
apparent interaction between AMP and 2,4-D with fumarase.
According to the model, the enzyme can be considered an
equilibrium mixture of two conformational states which dif
fer in their affinity for substrate.

The state of low

affinity predominates in the absence of substrate.

However,

since the other form has a much higher affinity for sub
strate, the equilibrium is displaced in its favor when
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substrate is added.

Thus, the affinity of the enzyme for

substrate increases as substrate is bound.

The model does

not require any conformational changes induced by the sub
strate; all conformational changes arise from the properties
of the protein alone, and the substrate simply traps a cer
tain conformation.

As Changeux (1965) suggested another

compound may act as an inhibitor if it binds more strongly
to the state of low affinity than to the state of high
affinity.
In order for an enzyme to conform to the model it must
have two special properties (Gerhart and Pardee, 1962).
First, the binding site for an effector (called the regula
tory or allosteric site) is distinct from the active site.
The second requirement is that an enzyme subject to metabolic
control must be composed of subunits.
Apparently fumarase has not been purified from bacteria.
However, Alberty (1961) has studied swine heart fumarase
extensively and has found fumarase to be composed of sub
units.

Therefore, fumarase from swine heart fulfills the

requirements for Changeux's (1965) model provided the active
and inhibitory sites are at different locations on the sur
face of the enzyme.

In characterizing aspartate transcar-

bamylase, Gerhart and Pardee (1962) reported the enzyme

exhibited a sigmoidal saturation curve for aspartate, was
activated by low concentrations of substrate and possessed
a high sensitivity to nucleotides.

Fumarase from P. fluores-

cena did not give a sigmoidal saturation curve with fumarate
which may be due to the low state of purity of the fumarase
preparation employed.

However, the enzyme was inhibited by

AMP.
Since regeneration of ATP is one of the major functions
of both oxidative and fermentative metabolism and since the
concentrations of AMP and ATP will be inversely related in
the intact cell, stimulation by AMP corresponds in metabolic
terms to negative feedback by ATP (Atkinson, 1965).

Denton

and Randle (1966) reported that purified phosphofructokinase
from rat epididymal adipose tissue was inhibited by ATP
and activated by ADP, AMP and cyclic-AMP.

Rosen and Rosen

(1966) found AMP inhibited fructose 1,6-diphosphatase.

The

latter authors pointed out that unlike aspartate transcarbamylase, desensitized fructose 1 ,6 -diphosphatase is
neither dependent upon the dissociation of the native enzyme
into subunits nor associated with substantial alternations
in enzymic properties.
If the relationship between AMP and 2,4-D is a general
phenomenon in the cell and related not only to the fumarase
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reaction studied here, then 2,4-D would enhance the stimu
latory role of AMP when ATP is needed.
Sarkissian and McDaniel (1966) found that oxygen uptake
and phosphorylation of mitochondria of scutella of inbred
maize were enhanced by low concentrations of indolacetic
acid.

They showed that enhancement of mitochondrial activity

by the auxin was dependent on coenzyme A and suggested that
indolacetic acid enhanced mitochondrial activity by affecting
the enzymes of the oxidative phosphorylation pathway.
Furthermore, they suggested that indolacetic acid accom
plishes such enhancement by acting as an allosteric effector.
It should be pointed out that the mitochondrial system
employed in their system is a complex group of enzymes and
differs from the single enzyme studied here.
Although further studies on purified fumarase are
required it may be that AMP binds to an allosteric site of
fumarase from £. fluorescens. This binding is potentiated
by 2,4-D.
It seems evident that 2,4-D inhibits the growth and
metabolism of £. fluorescens by interruption of fumarase
activity.

The action of 2,4-D depends upon the presence of a

low molecular weight, heat-stable, organic compound vhich
is a normal component of the bacterial cells.

AMP acts in
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a manner similar to the normal compound, but whether or not
AMP is the substance in cellular extracts is not known.
2.4-D in some manner potentiates or alters the action of
AMP on fumarase.

Whether this effect is limited to the

fumarase system is not known, but the alteration of nucleo
tide effector action by 2,4-D could possibly explain the
mode of action of auxins and auxin analogues in plants.

If

such were the case, the present findings would be very
significant.
The data reported here have a bearing on the effect of
2.4-D on the ecology of soil microflora.

Whether or not a

given concentration of 2,4-D will affect the microbial
population will be dependent on a number of factors.

An

important consideration would be the metabolic type of the
microorganisms.

If the microflora were predominantly

aerobic and Gram-positive, a greater number of microorganisms
would be destroyed.

If the microflora were predominantly

anaerobic or facultatively anaerobic the effect on the num
bers of microorganisms
would be less.
*

The effect of 2,4-D

on microorganisms would vary greatly with the organic carbon
source(s) available in the soil.

As an example is the

variation in susceptibility of the growth of P, fluorescens
to 2,4-D with the growth medium employed.

Even with single
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carbon sources the growth response varied with the carbon
source in that the greatest sensitivity was obtained when
fumarate was the sole source of organic material and the
organisms were resistant to 2,4-D vrtien acetate was the
carbon source.
The growth studies with the denitrifying bacteria pro
vided interesting results, because the response varied with
the final electron acceptor.

The effect 2,4-D would have

on these organisms in soil would be different depending upon
the concentrations of nitrate, nitrite, or dissolved
oxygen.

If the soil contained nitrate and was devoid of

oxygen the denitrifying bacteria would be more susceptible
to 2,4-D than if nitrite or oxygen were available.
Because the soil environment is discontinuous the effect
of 2,4-D on soil microorganisms would be difficult to ascer
tain.

However, it is obvious that the available carbon

source(s) would show seasonal variation and the susceptibility
of the soil microflora to 2,4-D would change with the
seasonal variation in the organic material in the soil.

The

soil environment also undergoes changes in nitrate content and
in

degree of aeration which will change the response of

bacteria to 2,4-D.

The observation that P_. fluorescens was

very susceptible to destruction by 2,4-D in the absence of a
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carbon source lends credence to a theory that relatively
low concentrations of 2,4-D would rapidly destroy the soil
microflora in an environment in vhich the bacteria rely upon
endogenous metabolism for survival.

Recovery of the soil

microflora from such destruction could

require

a

long

period of time with resultant effects on soil fertility.
An important aspect to consider in regard to the effect
of 2,4-D on soil ecology is the interrelationship between
different microorganisms.

If each type of bacterium is

dependent on a cyclic series of chemical transformations
catalyzed by different organisms the ecology of the micrcflora in the presence of 2,4-D is entirely dependent on the
most susceptible population.

Therefore, 2,4-D could sig

nificantly affect the soil ecology by destruction of only a
small portion of the total microfloral population.

Our

studies have shown that susceptible populations may exist
and that the susceptibility of a given organism varies with
environmental conditions.
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